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Introduction
Neural stem cells (NSCs) are self-renewing multipotent cells that can produce differentiated progenitor cells and generate lineages of neurons and glial cells [1] .
NSC-based cell therapy has potential to compensate defective neuronal circuits or abnormal neuronal activities associated with various neurological and psychiatric disorders [2] [3] . However, poor survival and limited differentiation of transplanted NSCs are major challenges for the therapeutic success of cell-transplantation-based approaches [4] . Therefore, it is imperative to discover strategies by which NSC proliferation and survival can be tailored to obtain the desired number and type of NSC linages [5] [6] .
Enriched environment (EE) is a non-invasive approach that relies upon voluntary physical activity, non-stressful conditioning, social interaction, and introduction to new stimuli [7] . EE enhances NSC proliferation and neurogenesis and improves brain repair and neural plasticity [8] [9] [10] [11] . Komitova et al [12] established that EE enhanced newborn glial-scar astroglia and NG2+ polydendrocytes in the post-ischemic neocortex, improving brain repair and post-stroke plasticity. In a rodent model of multiple sclerosis, Magalon et al [9] demonstrated that EE promotes mobilization of endogenous stem cells from the sub-ventricular zone and enhances oligodendrocyte fate. EE also promotes regional increases in neurotrophin levels and neurogenesis [13] [14] and improves neuronal survival and resistance to brain insult [15] .
Recently, EE was reported to alter the cell lineage of endogenous NSCs in adult mouse hippocampus [16] and influence prefrontal cortex astrocytes and behavioral deficits in
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5 MK-801-treated rats [17] . EE is also known to induce long-term alterations in medial prefrontal cortex and orbitofrontal cortex function [18] .
Although the adult brain is capable of neurogenesis and neuronal plasticity, endogenous NSCs alone are insufficient for recovery following brain injury or abnormal cortex development [19] [20] . NSC transplantation can compensate for dysfunction induced by defective neuronal circuits and facilitates the recovery of behavioral functions [21] . However, the survival and proper differentiation of transplanted NSCs is critical in determining successful outcomes; therefore, approaches capable of modulating the fate of transplanted NSCs are highly desirable. EE can alleviate neural-graft plasticity and functional recovery [22] [23] [24] , and neurogenic basic helix-loop-helix (bHLH)-family genes are also reported to affect NSC differentiation [25] [26] [27] [28] [29] [30] . Specifically, neurogenin2 (Ngn2) and achaete-scute homolog 1 (Mash1)
promote NSC differentiation into excitatory and inhibitory neurons [27] . These previous studies reflect the potential of EE and of Ngn2 and Mash1 in modulating post-transplantation differentiation plasticity; however, to the best of our knowledge, no study has investigated the effect of EE or of Ngn2 and Mash1 on the fate of NSCs transplanted into the primary somatosensory cortex (PSC), which is a major contributor to motor dysfunction implicated in neurologic injury or disorders [31] .
Therefore, we focused on investigating how boosting sensory inputs by EE and the transduction of NSCs with Mash1 or Ngn2 influenced the fate of NSCs transplanted into the PSC of mice. Essentially, we aimed to elucidate the effects of EE and Mash1 or Ngn2 on the differentiation of transplanted NSCs into excitatory or inhibitory neurons.
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Materials and methods
Ethical statement
All experiments involving animals were approved by the Animal Care
Committee of the Nara Institute of Science and Technology (permit number: 1004).
NSC preparation from mouse embryos
NSCs were prepared from the telencephalon after dissection at embryonic day 14.5. To accomplish this, the telencephalon was triturated in Hank's balanced-salt solution by mild pipetting with a 1-mL pipette tip. The resulting dissociated cells were suspended in Dulbecco's modified Eagle medium (DMEM) with F12 and cultured (500 L of 5 × 10 5 cells/mL/well) at 37°C under humidified 5% CO 2 conditions for 4 days in DMEM supplemented with F12 containing 10 ng/mL basic fibroblast growth factor (bFGF) in culture dishes coated with poly-L-ornithine and fibronectin. The cells were then cultured in NSC medium containing 10 ng/mL bFGF and 10 ng/mL epidermal growth factor to 80% confluency. Cells that had passaged between five and 10 times were used for transplantation. Following purification, 1 × 10 4 cells were used for transplantation.
Retroviral infection
Retroviral vectors expressing Ngn2 and Mash1 were constructed by inserting the respective complementary DNAs into a bicistronic (pMYs-IRES-GFP) retroviral vector. Expression constructs for the transcription factors Ngn2, Mash1, and control (empty) vectors were prepared. The Plat-E packaging cell line was transiently
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NSC transplantation
Mice [n = 80; C57BL/6NCr (Japan SLC, Shizuoka, Japan), either sex, 18-22 g] at postnatal days 28 to 35 (P28-35) were used in the study and were randomly divided into different groups (Fig. 1) . The surgical protocol for NSC transplantation was adopted from a previous study [33] . The mice were anesthetized with an intraperitoneal injection of 100 mg/kg ketamine and 10 mg/kg xylazine. Animals were kept deeply anesthetized (as assessed by monitoring pinch withdrawal, eyelid reflex, corneal reflex, respiration rate, and vibrissae movements). Body temperature was maintained with a heating blanket. A craniotomy was performed above the somatosensory cortex, and the dura was removed. NSCs (1 × 10 4 cells) suspended in vehicle (500 nL) were slowly injected with a pulled-glass pipette (tips broken to an outer diameter of 45-60 µm) at the following coordinates relative to bregma: posterior 1 mm, lateral 3 mm, and depth 0.5 mm. Stereotaxic apparatus (Narishige, Tokyo, Japan) was used for the coordination of the injection site. The target region for the injection was layers 2/3 and 4 of the PSC. 
Mice and EE protocol
The mice were housed in a home cage in a standard laboratory environment on a 12-h light/dark cycle and at a constant temperature (23-24°C) and relative humidity (50-70%). Food (pellets; Japan SLC, Hamamatsu, Japan) and water were administered ad libitum. After transplantation, mice were randomly assigned to be housed in normal-sized cages (W107 mm × D203 mm × H141mm) or in a large enrichment cages (W263 mm × D159 mm × H125mm). The latter contained a plastic tunnel, shelters, and a running wheel that were changed or rearranged every 5 days to provide novel
stimulation. The running wheel exhibited an open, round shape and was integrated into the shelter. In the whisker-trimmed condition, we cut all of the facial whiskers every 2 days using surgical scissors under anesthesia.
Immunofluorescence imaging of transplanted-cell morphology
Mice were perfused with 4% paraformaldehyde after washing with saline After treatment, nuclei were stained with Hoechst (bisbenzimide H33258 fluorochrome
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Cell quantification
NSC-survival ratio following transplantation and the percentage of transplanted
NSCs expressing cell-type-specific markers were quantified using confocal microscopy.
The number of NSCs that survived following transplantation was estimated by counting the number of GFP-expressing cells among the Hoechst signals in the primary somatosensory cortex rostrocaudally around the site of transplantation (1-mm caudal, 3-mm lateral from the bregma, and 0.5-mm depth from the surface). The percentage of transplanted NSCs that expressed cell-type-specific markers was calculated for each animal that underwent surgery.
Slice preparation
Two weeks after transplantation, brain slices, including the transplanted site, were prepared for whole-cell patch-clamp recordings. Mice were anesthetized with halothane and sacrificed by decapitation, and the brain was rapidly exposed and removed within 60 s. 
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Whole-cell recording
After incubation, slices were transferred to a recording chamber placed on the stage of an upright microscope (Eclipse E600FN; Nikon Corporation, Tokyo, Japan).
The recording chamber was perfused continuously with oxygenated ACSF at 1 mL/min 
Statistical Analysis
All data are presented as mean ± standard error of the mean. Comparisons between two groups and multiple groups were performed using Mann-Whitney U and Tukey's honest significant difference (HSD) tests, respectively. A p < 0.05 was considered significant.
Statistical analysis was performed using the R statistical software (R Core Development
Team; https://www.r-project.org/).
Results
Transplanted NSCs survive, manifest apical dendrite morphology, and exhibit typical excitatory and synaptic responses
Two weeks post-transplantation, GFP-labeled exogenous NSCs were detected in layers 2/3 and 4 of the somatosensory cortex. Figure 2A 
Transplanted NSCs differentiate into mature neurons and glial cells
GFP-labeled transplanted NSCs exhibited immunoreactivity for the mature-neuronal marker NeuN ( Fig. 3A and B ). Neurites were observed in the transplanted NSCs (Fig. 3C ), indicating differentiation of the transplanted NSCs into mature neurons within 2 weeks following transplantation. Additionally, the astrocyte marker GFAP was also expressed by the transplanted NSCs ( Fig. 3E and F) , reflecting differentiation of transplanted NSCs into different cell types in the intact PSC. 
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EE affects NSC differentiation and maintains excitatory and synaptic response of transplanted NSCs
EE significantly increased the differentiation of transplanted NSCs into
NeuN-positive neurons (EE, 44.1 ± 11.0%; control, 9.5 ± 3.9%; p < 0.05; Fig. 4A ).
Conversely, EE markedly inhibited differentiation of transplanted NSCs into astrocytes
(EE, 9.3 ± 4.7%; control, 40.1 ± 7.8%; p < 0.05; Fig. 4A ). However, the total number of transplanted GFP-positive cells did not change under any condition (Fig. S1 ).
Furthermore, whisker trimming did not have any significant effect on the percentage of NeuN-positive neurons in the transplanted NSCs in animals exposed to EE (Fig. 4A) .
Notably, GFAP-positive cells were also lower in the whisker-trimming EE group as compared with those observed in the control group, although the difference was not statistically significant (whisker-trimming EE, 40%; control, 20%; p > 0.05).
Electrophysiological properties of the transplanted neurons (n = 2) after exposure to EE are presented in Figure 4B . Both current-clamp and voltage-clamp responses were recorded, demonstrating retention of typical excitatory responses in the EE group (Fig.   4B ) similar to those observed in the control group (Fig. 2C) .
Fig. 4. Environmental factors influence the differentiation of transplanted NSCs in vivo.
[ 
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Statistical analysis was performed using Tukey's HSD multiple comparison test. *p < 0.05.
EE affects differentiation of transplanted NSCs into inhibitory neurons
Triple-labeled images of transplanted NSCs were positive for both NeuN and GAD (Fig. 5C) ; however, not all transplanted NSCs were positive for GAD, and the ratio of GAD-positive cells was markedly different between the control and EE groups ( 
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mean. Statistical analysis was performed using the Mann-Whitney U test. *p < 0.05. All comparisons are with respect to controls.
Mash1 transductions in transplanted NPCs augment differentiation of transplanted NSCs into inhibitory neurons
Mash1 expression significantly affected control of the neuronal subtype after differentiation of transplanted NSCs by increasing the ratio of GAD-positive inhibitory neurons relative to that observed in the control, whereas a similar result was not observed following Ngn2 transduction (Ngn2, 60.6 ± 10.9%; p > 0.05; Mash1, 81.4 ± 3.6%; p< 0.05; control, 44.3 ± 11.5%; Fig. 6B ). The relative ratio of GAD-positive inhibitory neurons derived from transplanted NSCs was also highest in Mash1-transduced NSCs (Ngn2, 24.4%; Mash1, 54.0%; control, 4.2%; Fig. 6C ).
Discussion
This study demonstrated that transplanted NSCs differentiated into neurons and astrocytes and exhibited typical excitatory and synaptic responses in the PSC of mice.
We also established that EE and There is emerging evidence that EE, an environment that offers various behavioral experiences to boost sensory input and motor output, can improve neuronal plasticity and functional recovery after brain damage [7, 22, [36] [37] . We determined the proportion of transplanted NSCs that differentiated into neurons or into glia and found that EE significantly increased differentiation of the transplanted NSCs into mature neurons, while suppressing their differentiation into glial cells, suggesting that EE can modulate the fate of transplanted NSCs. Furthermore, EE was found to decrease differentiation of the transplanted NSCs into inhibitory neurons according to the markedly low abundance of GAD-positive NSCs in the EE group. Although we have not evaluated the electrophysiology of inhibitory and excitatory neurons individually due to certain study design limitations, typical excitatory and synaptic response was established in the transplanted NSCs in both the EE and control groups using the whole-cell patch-clamp technique.
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Because sensory inputs from sensory organs might deliver thalamocortical and corticocortical activity to transplanted NSCs, a separate group of mice was also exposed to EE after their whiskers were trimmed in order to restrict the sensory input from the facial whiskers to the somatosensory cortex. However, even after whisker trimming, EE significantly enhanced the ratio of GAD-negative, NeuN-positive mature neurons differentiated from the transplanted NSCs, showing that whisker sensorimotor deprivation had no effect on the influence of EE in the differentiation of transplanted NSCs, and that cortical activity controls neuronal differentiation of exogenous NSCs [16] . It is worth highlighting that although the whisker sensorimotor pathway of rodents is less complex than the sensorimotor pathway in humans, their fundamental circuitry is often considered comparable, and whisker-trimmed rodents are extensively studied as a model for sensorimotor-pathway deprivation [38] [39] . The effect of rhythmic whisker stimulation on long-term plasticity in mouse-sensorimotor circuits was previously investigated [38] , with results suggesting that neuronal activity in somatosensory pathways is modulated by the frequency of whisker movement; however, in our study, EE coupled with whisker stimulation did not further potentiate responses, suggesting that EE and whisker stimulation might be independent of each other, although both phenomena share common mechanisms. The bHLH transcription factors Mash1 and Ngn2 are associated with neuronal differentiation and NSC survival [25] [26] 28] . [40] found that retrovirus-mediated overexpression of the bHLH transcription factor Ascl1 (Mash1) redirects the fate of proliferating adult hippocampal stem/progenitor progeny, leading to the exclusive generation of cells with oligodendrocytic lineage at the expense of newborn neurons. Mash1-induced differentiation of inhibitory neurons in vitro in a neurosphere-culture system was also attributed to compensatory and cross-regulatory mechanisms among bHLH transcription factors [41] .
The benefits of EE on the endogenous neurogenesis of NSCs have been established [42] [43] . Based on the results presented here and those of other studies on exogenous NSCs, it is reasonable to conclude that EE is capable of potentially accelerating post-transplantation recovery during neurorehabilitative cell transplantation [44] . However, the applicability of our model to human-specific neuropsychiatric disorders and the general applicability of the model used in this work cannot be fully established. Rodents and human species differ in the timing of brain maturation events [45] ; therefore, comparisons of vulnerability and regenerative capacities cannot be accurately elucidated [46] [47] . GABA-ergic neuronal populations, and GFAP could also be present for neuronal progenitors. Furthermore, although ultra-structural and electrophysiological data revealed synaptic integration between host neurons and transplanted neurons, it remains unclear how the appropriate neuronal circuits are established following NSC transplantation to allow the processing of particular information [48] . In future experiments, we intend to record the development of a single transplanted neuron to determine how it forms physiologically appropriate connections with endogenous neurons in the somatosensory cortex, as well as the cumulative effect of EE and Mash1 transduction. More extensive electrophysiological experimentation will be needed to strengthen our results. Despite these limitations, our present work provides important insights that will help in rebuilding an appropriate neuronal circuit and in maximizing neural stem cell-derived therapeutic effects.
Conclusion
EE affects the differentiation of NSCs transplanted into the primary somatosensory
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